ABSTRACT With the development of microelectronics and sensor technologies, implantable electronic devices are employed in many applications. These devices are distributed on or in the human bodies and are used to transmit signals wirelessly to external equipment. In conventional wireless communications, the antennas need a lot of space and power, and their strong electromagnetic interference limits the available locations for implantable devices. In the more recently developed galvanic coupling intra-body communication technology, human tissues are used as the media of signal transmission, and this method has therefore been applied to resolve the spatial limitations of conventional wireless communications methods. This paper presents a mathematical model of multi-layer galvanic coupling based on the volume conductor theory to analyze the transmission mechanism of these implantable intra-body communication devices. The proposed model is based on the quasi-static approximation conditions of Maxwell's equations, the field and potential are solved from Poisson's equation, and an equation was obtained to model the channel attenuation. The channel gain in a model of human limbs can be used to calculate within the frequency range of lesser than 1 MHz. To verify the accuracy and applicability of the model, the computed results were compared with the physiological saline and porcine tissue experimental results in the 100-kHz frequency. 
I. INTRODUCTION
Research on implantable medical electronic monitoring and control devices has attracted much interest because implantable medical electronic devices can be used not only to monitor human health indicators, but also to treat certain diseases such as epilepsy and tetraplegia [1] - [3] , and to replicate the functions of some organs, as with the cardiac pacemaker and the artificial cochlea. However, the signal transmission efficiency of the implantable devices has been an important research question. Although many communica-tion methods have been proposed in the past several decades, the many restrictions associated with these methods have made only very few of them available for use in cardiac pacemakers, deep brain stimulators, gastric defibrillators, and other medical electronics [4] - [8] .
Communication systems can be classified as either wired or wireless transmission. In wired communications, the wires connecting the implantable and external devices must pierce through biological tissues, which often cause tissue infection or other complications. In addition, when the living body moves, the connecting wire introduces some noise that lowers the signal-to-noise ratio [9] . The wireless communications (electromagnetic coupling [1] , [10] , [11] , and intra-body [12] communications) can help to solve some problems by the wired communications. Because of the higher bandwidths, electromagnetic coupling and radio frequency communications have higher communication frequencies; therefore, they can achieve higher communication speeds. However, human tissues produce a strong shielding effect against high-frequency signals, resulting in significant signal attenuation. Furthermore, high-frequency radiation may cause injury to human tissues, and a larger implantation space is required to hold the communication antenna [5] . Therefore, the radio frequency communications are unsuitable for implantation in the brain, bone marrow, or thoracic cavity.
In galvanic coupling intra-body communication, human tissues become the signal transmission medium, avoiding interference because no complicated connecting wires are used. This method also avoids the need to implant a communication coil or antenna because the signal couples directly with the human body. Furthermore, galvanic coupling intrabody communication occurs at communication frequencies of less than 1 MHz with little radiation [20] . For these reasons, this communication method can be used for devices implanted in almost any part of the body.
To facilitate the study of the signal transmission mechanism in galvanic coupling intra-body communication and provide theoretical support for the communication channel, several theoretical models have been proposed, including simplified circuit [13] - [16] , numerical solution [17] - [19] , and analytical solution [20] models. The simplified circuit model is based on a simplified model in which human tissues are considered to be electronic components [13] - [16] . This modeling method is easily implemented with simple calculations; however, any variation in channel parameters such as the communication frequency [13] - [15] , implanted depth [16] and communication distance, and then the properties of the electronic components must be redefined and applied in a new derivation of the model, so the simplified circuit model is poor repeatability. Therefore, the results of this method are unsatisfactory for analysis of multi-frequency implantable intra-body communication channels.
In channel modeling, numerical solutions model [17] - [19] are often chosen because the subject's portion used in channel modeling (such as human body) cannot be approximated by a simple geometrical shape. As a consequence, numerical techniques (such as Finite Element method (FEM)) are often chosen for solving the channel modeling problem instead of the analytical solution. This is especially true for the iterative algorithms since they are very sensitive to the shape of the object. However, analytical solutions can still be used with good effect when noniterative algorithms are applied since they are less sensitive to the shape of the object.
Therefore, in the existing numerical solution models, structural simplification is always reasonably used to reduce the sensitivity of the models to geometric structures. The analytic solution is feasible when the geometric structure is not very sensitive. PUN's [20] showed that when the human forearm was simplified to a multi-layer cylinder, the result of the analytical solution model approximates the experimentally obtained result. Therefore, the analytical solution model can be applied to the analysis of multi-frequency implantable intra-body communication channels.
In addition, the analytical solution can also be used to quickly and effectively analyze the influence of physical quantities upon the model and analyze the intermediate process of calculation; moreover, analytical solutions can provide the basis for both non-iterative and iterative algorithms. They also have some significant advantages compared with a numerical method.
The analytical solution model demonstrates better repeatability than the simplified circuit model and, unlike the numerical solution model, its calculation is independent of the interpolation function and element resolver. Therefore, the sensitivity matrix can be well constructed, and the calculation is not computationally expensive.
As mentioned above, every modeling method has its advantages and disadvantages, and the realization of numerical solution in the implantable channel modeling is very excellent. However, in the case of relatively simple geometry and complex parameter variations, the analytical solution is more advantageous. Since we expect to analyze the effect of every small parameter change on the signal transmission in the channel, the numerical solution is difficult to be fast in achieving the calculation due to the parameters change. Therefore, in this study, we choose analytical solution.
In the case of signal transmission from the inner to outer part of the body, the internal excitation signal may be considered to originate in the biological tissue. For the research problem presented in this paper, most of the previous literatures have focused on the simplified circuit and numerical solution models, and therefore a simple mathematical model is needed to explain this problem.
In this paper, the authors propose a multilayer mathematical model of an implantable intra-body communication channel based on the volume conductor theory. Section II presents the proposed analytical solution model based on the volume conductor theory under the quasi-static electromagnetic field condition and the source field Poisson's equation. Section III validates the accuracy and reasonability of the model by comparing the mathematical solutions for a single-layer model and a multi-layer model with experiments in a physiological saline and porcine tissues. Section IV discusses some of the limitations affecting the results obtained in Section II and III, and Section V presents conclusions.
II. METHODS

A. MATHEMATICAL MODEL
As stated in [15] - [21] , the geometric structure of a human limbs can be considered as a multi-layer cylindrical volume conductor formed by skin, fat, muscle, cortical and cancellous bone. Therefore, the research object of a limb is considered to be a multi-layer cylinder with length h and maximum radius r N . This geometric structure is shown in Figure. 1. In a cylindrical coordinate system; the research object can be described as a cylinder (r, θ, z) that satisfies the volume conductor theory. Within this cylindrical coordinate system, the signal source is a pair of electrodes with the size s × s × d 0 or w × w × d 0 (d 0 is the source electrode thickness) that are installed in any layer of the cylinder with positions (r 0 , θ 0 , z 0 ) and (r 0 , θ 0 + θ, z 0 ), respectively, where (r 0 , θ 0 , z 0 ) and (r 0 , θ 0 + θ, z 0 ) denotes the position of the signal source (Positive electrode or negative electrode locations). The radii of the cylinder's for different layers from inside to outside are (r 1 , r 2 , · · · , r N −1 , r N ),where r 1 is the innermost layer, r N is the outermost layer. To simplify the model, the electrical characteristics of the tissues are considered to be isotropic, and the conductivity and relative permittivity in the corresponding layers are (σ 1 
Under the quasi-statics condition from [22] , the electric potential distribution of the volume conductor may be expressed as
where J is the current density (A · m −2 ) applied to the limb through the implantable device; σ s is the complex conductivity; ϕ represents the potential within the human limb; and I is the volume current density (A · m −3 ) in the signal source, expressed as
where σ s is the conductivity of the s-layer tissue and ε s is the permittivity of the s-layer tissue. In the cylindrical coordinate system, each layer of the cylinder r is a homogeneous isotropic conductor [23] . Therefore,
On the basis of the Fourier series expansion equation of the δ-function [23] , [24] , (3) can be expressed as
where g sm is the Radial function, h is the volume conductor length.
B. BOUNDARY AND CONTINUITY CONDITIONS
In order to derive the model solution in the volume conductor, the model should also satisfy the boundary conditions [23] , [24] presented in this section.
And assumption:
In the cylindrical volume conductor, when the electrode center r 0 = r N , The implanted electrode is not located on the surface of volume conductor.
C. RADIAL FUNCTION
The model solution can be derived on the basis of the boundary conditions of the volume conductor represented by (5)- (9) . To simplify the calculation, the Radial Function can be derived:
where k = nπ/h, n = 1, 2, · · · , ∞; σ source is the complex conductivity of the layer where the signal source was located. 
D. POTENTIAL DISTRIBUTION MODEL
By solving the mathematical model with (3)- (10), an analytical potential solution for the potential distribution model can be expressed as:
where
J is the current constant (current density), there J = − 4 J π 2 ; ϕ s represents the potential within the human limb in s-layer; τ s (r, θ, z) is the volume conductor constants (include geometric constants, electrical characteristic constants and implantable constants), = W 1 /2r source and W 1 is the electrode width (s or w), r source is the radii of the layer where the signal source was located.
E. PATH-GAIN MODEL
From potential distribution model, the path gain PG model can be expressed as:
where τ RX is the receiver volume conductor constant, τ TX is the transmitter volume conductor constant,
III. VERIFICATION OF THE PROPOSED MODEL
In the experiment, we performed each set of experiment for continuous four days, and every day three groups of data were measured as the experimental results of this sample. According to the variation property of the image, we selected 12 groups' experimental data to fit the experimental results. By fitting, we got the fitting (the distance and the depth using the least square model (the highest second power), the angle variation using the Lorentzian peak model) curve of the experimental results.
Three parameters of the model will be verified, it is the implantation depth ξ (ξ = r N − r 0 ) of the device, the dis-
2 ) of the implanted device in z direction and the intersection angle θ 0 between the electrode at the transmitting end and that at the receiving end on the x − y section. In the experiment, two parameters were set as constants, and the other one as variable. Meanwhile, in order to facilitate calculation, the intersection angle between θ the positive electrode at the transmitter and the negative electrode at the receiver is defined as a constant (θ = 180 o ).
A. PHYSIOLOGICAL SALINE EXPERIMENT
In order to verify the accuracy of the model, physiological saline was selected as the medium for preliminary verification. First, we used a transparent plastic cylindrical bottle with a diameter of 80mm and a height of 170mm as the experimental sample vessel. At a height position of 10mm, two square openings of 20×20mm 2 were cut, with centers symmetrical in relation to the center of the cylinder, and these openings were used to set the receiving electrodes. Two square copper electrodes subjected to a glass insulation treatment were inserted in the bottle's neck for use as the signal electrode. The copper electrode size was length×width×thickness:20×20×1mm 3 ; The signal cable wick glass tube cladding of thickness 0.25 mm, and its overall length was 150mm, which was open at two ends to input the current signal and fix the signal electrode. This experimental layout was shown in Figure. 2.
In the experiment, we injected physiological saline with the conductivity and permittivity of σ = 1.75 S/m and ε r = 80.4 at the frequency of 100 kHz [19] , respectively, into the cylindrical plastic bottle. Because the electric conductance property was the same throughout the physiological saline, the liquid in the bottle may be regarded as an isotropic single layer. The conductivity and the permittivity of the physiological saline were substituted into the established analytical solution model.
In the system, two copper electrodes were used as the transmitter (signal source) and receiver, the transmitter input current density was J , and J may be expressed as follows:
In which J source = I /S; I is the injected current (A), S is the electrode area (m 2 ). In the experiment, the transmission distance (d), the implantation depth (ξ ) and the transmitter and receiver angle (θ 0 ), assuming that two parameters were set as constants, and the other one was varied. (shown in Table 1 ), we analyzed the path gain characteristics of the channel. Figure. 3 to Figure.5 show the experimental results and PG model results with those from the proposed model when the signal transmits from inside to outside (ITO) and from outside to inside (OTI).
According to the experimental bottle geometrical parameters and physiological saline conductivity and permittivity, equation (12) was used to gain the calculated result; from the controlled experimental results (ER) of single layer volume conductor and the model calculation results (MR) in Figure. 3 to in Figure. 5 , we found that, difference between MR and ER are usually lower than 5dB at the same position in the same repeated experiments. However, it was found from these figures that, the overall variation tendency of the experimental result, are consistent. It is concluded from the fitting experimental and model result that, whether the signal was transmitted from outside to inside (OTI) or from inside to outside (ITO), R-squares of the experimental result and the fitting curve were larger than 0.977 (the R-squares of the experimental result and the fitting curve with respect to distance and depth were larger than 0.995). This was shown that the fitting result is identical with the experiment result in the single-layer volume conductor controlled experiment, and the fitting curve result can explicate the experimental result effectively.
ERROR
In order to verify accuracy of the fitting curve of the experimental results compared with the PG model results, we selected the error of two curves for contrast, it is expressed as: (17) where G model is the computed result of the PG model; G fitting is the computed result of the fitting curve derived from the experimental results. From the error between the model result and the fitting result, we found that the error between the two results in the single-layer volume conductor experiment is −6dB to 2dB (only −2.5dB to −0.5dB in the distance experiment) and the absolute error is smaller than 6dB. Furthermore, the variation tendency of the curve is approximate consistent. Therefore, in the distance model of the single-layer experiment, the model which we propose can explain the channel transmission characteristics of the implantable intrabody communication effectively.
However, human tissues are unlike normal saline which has only single ingredient and structure. It is known that main tissues composing human geometric construction include skin, fat, muscle and skeleton, and they form human body through the complex envelope structure. In order to study the property of the model with complicated tissue characteristics, we design the Muscle with Bone Effect Experiment.
B. MUSCLE WITH BONE EFFECT EXPERIMENT 1) SINGLE-LAYER EXPERIMENT
In order to study transmission characteristics of signals in animal body tissues, on the basis of the physiological saline experiment, we replaced experimental samples with minced porcine muscle tissue. To avoid the influence of the fat on the communication channel, in selecting the samples, we selected muscle tissues from the same part (e.g., buttock) of a pig as the experimental samples. Prior to this experiment, some enmeshed fat in the muscle was first removed so that the entire sample consisted of muscle (muscle: 95%). After the fat removal, the muscle was minced in a meat grinder and then filled in the empty bottle (diameter: 100mm, height: 235mm). At a position 40mm away from the bottom, two square openings of 20×20mm 2 were cut, with centers that were symmetrical in relation to the center of the cylinder, and these openings were used to set the receiving electrodes. At the bottom of the bottle, the 30 mm high blue part is the hollow base; in filling, it is filled up with minced muscle tissue. Because all of the filler was the minced muscle tissue, the transmission channel could be considered to be a singlelayer isotropic communication channel (muscle) (see Fig.6 ). The experimental method was the same as that of the physiological saline experiment.
A 0 dBm sinusoidal signal of 100 kHz was input to the implantable signal electrode and surface electrode. The conductivity and permittivity of the minced muscle we selected were σ = 0.25 S/m and ε r = 9900 at the frequency of 100 kHz [29] - [32] , respectively. When the signal transmitted from inside to outside (ITO) the tissue, the source electrode radius was equal to 10 mm (r 0 = 10 mm), the receiver electrode radius is equal to located at 50 mm.
In the experiment, the transmitter and receiver angle is a constant (θ 0 = 0), assuming that the transmission distance (d) (or the implantation depth (ξ )) as a constant, and the other one was varied. (shown in Table 2 ) we analyzed the path gain characteristics of the channel. Comparisons of the experimental result and the model calculation result of single-layer volume conductor with muscle characteristics are shown in Figure. 7 and Figure. 8. Although we try to reduce the gap by re-filling, the electrodes in two different experiments inevitably have some differences and this certainly causes larger error than in the salt-water experiment. VOLUME 7, 2019 FIGURE 7. Single-layer experiment results and models results (distance as variable).
FIGURE 8. Single-layer experiment results and models results (depth as variable).
According to the fitting experiment result, it is concluded that, whether the signal is transmitted OTI or ITO, R-squares of the experiment and the fitting curve are larger than 0.996. Almost all points are close to the fitting curve. The overall change curve of the experiment result is nearly consistent with that of the fitting curve, so the fitting curve can show fully variation tendency of the channel in the experiment. By comparing, the error between the model result and the fitting result ranges from 1.1dB to 5.3dB, so the model is valid. However, in the depth experiment, although R-squares of experimental result and the fitting curve are also larger than 0.963, the experimental result at some positions deviate seriously from the fitting result. Although the overall changing curves in the two groups of results are nearly consistent with the fitting curve, the fitting curve can also explain variation tendency of the channel in the experiment. By comparing the model result we proposed with the fitting result, the error between two groups of results ranges from −0.5dB to 6.2dB. This model is available. By contrast, the result of the distance experiment is more consistent with the model calculation result.
2) BI-LAYER EXPERIMENT
On the basis of the Single-layer experiment, we use a polyvinyl chloride (PVC 235-mm-long) Water pipe as the bone (see Figure.9 ). The experimental method was the same as that of the Single-layer experiment. In the experiment, because all of the filler was the minced muscle tissue, the transmission channel could be considered to be a bi-layer isotropic communication channel (Hollow).
In this experiment, assuming that the transmission distance (d) (or the implantation depth (ξ )) as constants, by changing the implantation depth (ξ )(or the transmission distance (d)) (shown in Table 3 ), we analyzed the path gain characteristics of the channel. Compared with the experimental result and the model calculation result of the bi-layers of volume conductor with skeleton effect are shown in Figure. 10 and Figure. 11, the experimental result is not changed significantly because the conductive medium is still muscle. Although we find the data in the depth experiment result are close to the fitting curve, in each repeated experiment, the electrode is difficult to occupy the electrode position in the previous experiment; therefore, the experiment result has a large error (about 2dB), and R-square of the fitting curve becomes relatively smaller (less than 0.91). However, the model result we proposed and the fitting result have a basically consistent variation tendency. 
3) MULTI-LAYER EXPERIMENT
In order to study the path loss characteristics of the model in a complex channel, we used porcine tissues to construct a cylindrical phantom (Figure. 12) . In this experiment, we first selected a piece (230mm × 360mm) of rectangular pigskin with fat, and then a uniform thickness of 5mm was achieved through surgical dissection. Measurements showed that the skin thickness was 2mm and the fat thickness was 3mm in the rectangular pigskin, and these were considered to be the dimensions of the skin layer and the fat layer of the phantom. The pigskin was rolled into a circular ring with a height of 215mm, and stitched together with surgical sutures to form a barrel shape (Figure. 12) . The three-layer prosthesis was fabricated by filling the gap between the bone and muscle with 2500 g of minced muscle tissue. The conductivity and permittivity of the skin and fat we selected were The square copper electrodes used in the single-layer experiment and the two-layer experiment were inserted in the phantom to replace the implantable device. In this experiment, when the transmission distance (d) (or the implantation depth (ξ )) as constants, the implantation depth (ξ ) (or the transmission distance (d)) was varied to analyze channel path gain characteristics. (show in Table 4 ).
According to the single-layer conductor experiment and the bi-layer conductor experiment with skeleton effect, compared with the experimental result and the model calculation result of the multilayer volume conductor in Figure. 13 and Figure. 14, because skin and fat are taken into account, VOLUME 7, 2019 FIGURE 14. Multi-layer experiment results and models results (depth as variable).
channel attenuation is greatly changed (averagely increased by −5dB). Meanwhile, because complexity of channel tissues is heightened, this causes the error (up to 4dB) of the repeated experiment at the same position which is further increased under the same condition. According to curve fitting, we conclude that the R-square of the fitting curve is larger than 0.989 in measurement of the distance experiment and the R-square is larger than 0.937 in measurement of the depth experiment. The data of the experimental results are close to the fitting curve. This shows that the variation tendency of the fitting curve can fully explain the experimental results. By comparing the fitting result and the model calculation result, we find that the error (−1dB to 2.2dB) between two groups of curves is obviously reduced in the distance experiment, but curve intersection occurs, this shows that the variation tendency has changed. This phenomenon becomes more distinct in the depth experiment, in which there is evident curve intersection and the error (−7.5dB to 4.2dB) between two groups of curves is obviously raised. By contrast, it can be seen that the result of the distance experiment and the model calculation result have better consistency.
IV. DISCUSSION
In the Section III of the paper, accuracy and performance of the mathematical model were analyzed through the in vitro experiment . In the in vitro experiment, we selected physiological saline for initial validation ( Figure. 3 to Figure.5 ). By comparing the measured result and the calculated result, it was concluded that the model's calculated result was highly identical to the experimental data.
In the Muscle with Bone Effect Experiment (from singlelayer experiment to multi-layer experiments), it can be seen that the distance experiment obviously has better consistency with model calculation than the depth experiment. This is because distance setting of the electrode is controlled more easily than depth setting. As a whole, the errors between many experiments at the same position also remain in the acceptable range (less than 5dB). The experimental result, the fitting result and the model calculation result change at the same order of magnitude, and their curves coincide well.
In the multi-layer experiment, because both the fat layer and the skin layer are thin (skin layer: 2mm; fat layer: 3mm), it is difficult to place electrodes on them to carry experiments. Therefore, in the depth experiment, the minimum skin depth we designed is 15mm. Meanwhile, in the single-layer and bi-layer experiments, the rigid plastic housing is used for shaping. In the multi-layer experiment, the soft skin with fat is used for shaping. Obviously, in the multi-layer experiment, deformation arises more easily. The more the number of experiments is, the more obvious deformation is. Meanwhile, as the experiment time is prolonged, dehydration will occur in the flexible skin experiment. This causes data of similar multiple experiments at the same position in three consecutive days (twenty-hour interval) to have larger error than those in the single-layer experiment and the bi-layer experiment (about 4dB). For this reason, in future research, the effect of deformation should be taken into account.
According to experimental results, we find that the path attenuation of the ITO channel is greater than that of the OTI channel. When the signal is transmitted from inside to outside, there is electric current distributed on the six surfaces of the implantable device; while current distribution only exists on the surface (contacting with the electrode) of the surface device when the signal is transmitted from outside to inside. The signal intensity of the ITO channel is significantly higher than that of the OTI channel, and the path attenuation of the ITO channel is inevitably greater than that of the OTI channel.
In the modeling, because we assume that the potentials on the top and the bottom surfaces are 0, so in the process of model calculation, the closer it gets to the bottom surface, the closer to 0 the model result is; this is somewhat different from the boundary of the physical field in this experiment. For this reason, so we will further improve the boundary condition in the next step.
Additionally, in the experimental verification, whether in physiological saline experiment or in Muscle with Bone Effect Experiment, we construct an isotropic volume conductor, so this has some difference with actual structure of human tissues. In future research, we will do further research on anisotropic aspect.
V. CONCLUSION
This paper presents a mathematical model of a multi-layer volume conductor for analyzing signal path gain characteristics that affect implantable electronic devices at any location in the human body. Within the operational frequency range that satisfies the quasi-static standard approximation, we used the volume conductor theory, Maxwell's equations, and the Poisson's equation to derive a governing equation of the electric potential distribution of the implantable communication carrier's surface. To enhance the model's accuracy, the permittivity is used at the initial stage of modeling. Thus, the model also reflects the capacitance effect.
Because experimental verification of the model on a human body was not possible due to procedural challenges, physiological saline and Muscle with Bone effect experiment were used to verify the model. In the physiological saline experiment, when we input a sinusoidal signal of 0 dBm at 100 kHz, the difference between the calculated and experimental results was less than 2 dB. In the Muscle with Bone effect experiment, when we input a sinusoidal signal of 0 dBm at 100 kHz, the path loss difference between the calculated and experimental results was less than 1.6 dB and 4 dB, respectively. Therefore, the proposed model is considered sufficiently accurate to be practically applicable. In the model, the tissues were considered to be isotropic for simplicity. This assumption is only an approximation of the real tissues, especially because of the differences between the transverse and parallel properties of muscle tissues. For this reason, in the future, we will further analyze the effects of tissue characteristics and geometries on the model to improve its precision.
APPENDIX
See Tables 5-8 
